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Abstract
We demonstrate, for the first time, the growth of metastable single-phase NaCl-structure
high-AlN-content Ti1-xAlxN alloys (x ≤ 0.64) which simultaneously possess high hardness and
low residual stress. The films are grown using a hybrid approach combining high-power pulsed
magnetron (HPPMS/HIPIMS) and dc magnetron sputtering of opposing metal targets. With
HIPIMS applied to the Al target, Aln+ ion irradiation (dominated by Al+) of the growing film
results in alloys 0.55 ≤ x ≤ 0.60 which exhibit hardness H  30 GPa and low stress  = 0.2-0.7
GPa, tensile. In sharp contrast, films with corresponding AlN concentrations grown with HIPIMS
applied to the Ti target, giving rise to Tin+ ion irradiation (with a significant Ti2+ component), are
two-phase -- cubic (Ti,Al)N and hexagonal AlN -- with low hardness, H = 18-19 GPa, and high
compressive stress ranging up to 2.7 GPa. Annealing alloys grown with HIPIMS applied to the
Al target results in age hardening due to spinodal decomposition; the hardness of Ti0.41Al0.59N
increases from 30 to 33 GPa following a 900 °C anneal.
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It has been shown previously that both the ion kinetic energy Ei and the ion-to-metal flux
ratio Ji/JMe incident at the growth front during T0.5Al0.5N deposition significantly affect the
microstructure and physical properties of alloys grown by dc magnetron sputtering (DCMS).1
Low values of Ei (≤ 20 eV) combined with high Ji/JMe values (≥ 5.2) lead to densification,
larger grain size, and low residual stresses. Conversely, high values of Ei (≥ 100 eV) result in
excess N incorporation, residual point defect concentrations, decreased average column widths,
high compressive stresses, and formation of second-phase hexagonal-structure AlN precipitates.2
A potentially attractive and unique feature of high-power pulsed magnetron sputtering
(HPPMS/HIPIMS)3 is the ability to ionize up to 90% of the sputtered metal flux,4 depending
upon the metal, while high real-time sputtering rates minimize, due to rarefaction,5-6 the
concentration of rare-gas atoms trapped in the film. Gas incorporation, and associated recoil
implantation processes, result in intrinsic compressive stress.7 An additional advantage of
HIPIMS is enhanced momentum transfer provided by accelerated ionized sputtered metal atoms
during bias deposition, which allows the use of lower Ei values, thereby reducing the
concentration of residual defects, while still enhancing adatom mobilities.
A potential disadvantage of HIPIMS is the production of multiply-charged metal ions (n ≥
2) during intense plasma pulses.8,9 Upon application of a substrate bias Vs, the energy gain is
neVs per ion which can result in residual lattice damage even for moderate to low Vs values.
In this letter, we report results for the growth and mechanical properties of metastable
NaCl-structure Ti1-xAlxN alloys, known to be sensitive to ion damage giving rise to second-phase
formation,2 as a model system to probe the effects of the metal-ion charge state during film
growth. We show that low-energy irradiation promotes near-surface mixing with no detectable
residual defects. We use co-sputtering from separate elemental metal targets, Al and Ti, in a
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hybrid HIPIMS/DCMS configuration in which the targets are switched in independent sets of
experiments. This allows us to separately probe the role of intense Tin+ and Al+ ion fluxes (n =
1,2) from HIPIMS-powered targets on film growth kinetics, microstructure, and physical
properties. In these experiments, we investigate the composition range 0.53 ≤ x ≤ 0.76 in order
to determine the effect of metal ion flux on the maximum metastable cubic AlN solubility xmax
across the range of previously reported results, from xmax  0.50 for DCMS10,11 to  0.66 for
cathodic arc,12 at film growth temperature Ts  500 °C. We show that the simultaneous control of
metal ion flux JMe+, metal ion energy Ei, and metal ion charge (1+ vs. 2+) plays a determinant
role in optimizing ion-irradiation-induced near-surface mixing while suppressing the chemical
driving force for phase decomposition13 and allowing the synthesis of high-AlN-content
metastable Ti1-xAlxN films exhibiting both high hardness and low residual stress.
All Ti1-xAlxN films were grown in a CC800/9 CemeCon AG magnetron sputtering
system.14 The Ti and Al targets are cast rectangular plates with dimensions 88×500 mm². Si(001)
substrates, 30×10 mm2, are mounted symmetrically with respect to the targets, which are tilted
toward the substrate, resulting in a 21° angle between the substrate normal and a line connecting
the center of the target with the center of the substrate. The target-to-substrate distance is 180
mm. Substrates are cleaned sequentially in acetone and isopropanol alcohol and mounted with
clips such that their long sides are parallel to the long sides of the targets. The system base
pressure is < 0.3 mPa (2.310-6 Torr) and the total pressure Ptot during deposition is 0.4 Pa (3
mTorr) with a N2/Ar flow ratio of 0.2. The film growth temperature Ts is 500 °C.
A hybrid powering scheme is used in which one of the magnetron targets is operated in
HIPIMS mode, while the other is operated as a conventional dc magnetron. The AlN
concentration in as-deposited Ti1-xAlxN films is controlled by varying the average power to the dc
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magnetron, while maintaining the HIPIMS power constant. Two series of films are deposited. In
the first set, the Al target is powered with HIPIMS, while the Ti target is operated with DCMS
(Al-HIPIMS/Ti-DCMS). The positions of the targets are then switched for the Ti-HIPIMS/AlDCMS growth experiments.
The average power to the Al HIPIMS target during Al-HIPIMS/Ti-DCMS operation is set
at 2.5 kW (5J/pulse, 500 Hz, 10% duty cycle, limited by arcing in reactive mode), while the
DCMS power (Ti target) is varied between 1.4 and 2.5 kW resulting in an AlN film concentration
ranging from x = 0.56 to 0.76. For Ti-HIPIMS/Al-DCMS, an average HIPIMS power of 5 kW
(10 J/pulse, 500 Hz, 10% duty cycle) is required to obtain films with comparable compositions
since the Ti sputtering rate is approximately half that of Al. The DCMS power on the Al target is
varied from 1 kW (resulting in x = 0.53) to 2 kW (x = 0.74).
A pulsed substrate bias, Vs = -60 V, synchronized with the HIPIMS pulse, is used in all
experiments. Between HIPIMS pulses, the substrate is at floating potential,  -10 V. AlN and TiN
coverages deposited per HIPIMS pulse are 4.210-3 Å and 1.610-3 Å, respectively. Coverages
deposited from dc sources between HIPIMS pulses are thus limited to < 6.310-3 Å for AlHIPIMS/Ti-DCMS and < 4.510-3 Å for Ti-HIPIMS/Al-DCMS in order to maintain film
compositions within the desired concentration range. Total layer thicknesses are 810 nm to 2.9
m.
As-deposited Ti1-xAlxN alloy film compositions are determined by time-of-flight elastic
recoil detection analysis (ToF-ERDA). X-ray diffraction (XRD) and cross-sectional transmission
electron microscopy (XTEM) are used to characterize film microstructure, while nanoindentation
hardness H and residual film stress  are obtained from Berkovich nanoindentation
measurements and XRD sin2 analyses,15 respectively. The composition and energy of ions
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incident at the growing film as a function of target power and configuration are obtained from insitu mass spectroscopy measurements in which the acceptance orifice of the spectrometer is
parallel to, and 180 mm (the target-substrate distance during film growth) from, each target
surface.
As-deposited layers are post-annealed in an Ar atmosphere in order to evaluate the thermal
stability and temperature-dependent properties of Ti1-xAlxN alloys as a function of AlN
concentration. Films are annealed for 2 h at temperatures Ta ranging from 800 to 1200 °C. The
heating rate is maintained at 7 °C/min between room temperature and (Ta – 40) °C, then reduced
to 5 °C/min. Sample cooling rates depend on Ta and vary from 3.3 °C/min at Ta = 800 °C to 7.8
°C/min at Ta = 1200 °C as the temperature is decreased from Ta to 500 °C, after which the
cooling rate is decreased to 1.6 °C/min.
The choice of target configuration is found to have a dramatic effect on the microstructure
and physical properties of Ti1-xAlxN alloy films with similar AlN concentrations ranging from x ~
0.50 to 0.65. Alloy films grown using the Al-HIPIMS/Ti-DCMS configuration exhibit high
hardness (30 GPa) with low stress levels (0.2 - 0.7 GPa, tensile). This is a unique combination
of properties for Ti1-xAlxN films in which high H values are generally the result of high
compressive stress.16 For example, H values of 31.5 GPa are reported for Ti0.34Al0.66N layers
grown at Ts = 400 °C by cathodic arc evaporation,17 but applications of such films are limited by
intrinsic compressive stresses ranging from -3.1 (ref. 12) to -9.1 GPa.18 In contrast to AlHIPIMS/Ti-DCMS alloy samples, films grown in the Ti-HIPIMS/Al-DCMS configuration,
exhibit low hardness, 18-19 GPa, and relatively high residual compressive stress, 1.4 to 2.7 GPa.
The large difference in hardness between Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/AlDCMS alloys is primarily due to differences in phase content. Ti1-xAlxN films grown with the

6
former target configuration are single-phase NaCl-structure alloys with x up to a kinetic solubility
limit of xmax = 0.64, whereas Ti-HIPIMS/Al-DCMS films are two-phase with an increasing
volume fraction of hexagonal AlN over the entire concentration range. This is illustrated in Fig.
1, showing typical XTEM images, with corresponding selected-area electron diffraction (SAED)
patterns, of layers with similar compositions: (a) a Ti0.47Al0.53N layer grown in the TiHIPIMS/Al-DCMS configuration and (b) a Ti0.41Al0.59N film grown by Al-HIPIMS/Ti-DCMS.
The Ti-HIPIMS/Al-DCMS film has hardness H = 18.7 GPa and tensile residual stress  = -1.4
GPa, while H = 29.8 GPa and  = +0.8 GPa are obtained with Al-HIPIMS/Ti-DCMS. Both
samples exhibit a dense columnar structure with no open boundaries and an average column
diameter of 3010 nm. The SAED pattern from the x = 0.53 Ti-HIPIMS/Al-DCMS film consists
of both cubic (111, 002, and 022) and wurtzite (0002 and 1010) diffraction rings. The SAED
pattern from the Ti1-xAlxN film grown under periodic Al+ bombardment from the Al-HIPIMS
target, despite having a higher AlN concentration (thus, a larger driving force toward
decomposition), contains only NaCl-structure diffraction rings (111, 002, and 022). Neither film
has strong preferred orientation.
Additional evidence for the dependence of cubic AlN solubility in metastable Ti1-xAlxN on
target configuration is presented in Fig. 2, where the relaxed lattice parameter ao, obtained at the
strain-free tilt angle * of 34.4° (using the alloy Poisson ratio  = 0.19 from Ref. 19),20 is plotted
as a function of x for films grown in both the Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS
configurations. Consistent with the SAED patterns, XRD scans show that Al-HIPIMS/TiDCMS films with x < 0.65 are single-phase with the NaCl structure and relaxed lattice
parameters ao(x) which decrease linearly from 4.174 Å with x = 0.56 to 4.160 Å with x = 0.64, in
good agreement with results of density functional theory calculations based upon projector
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augmented wave methods.21 With x > 0.65, ao(x) remains constant at 4.160 Å as elastically-soft22
second-phase wurtzite-structure AlN precipitates out of solution. Thus, alloy film hardness H(x)
decreases from 26.7 GPa with x = 0.64 to 18.6 and 14.3 GPa with x = 0.67 and 0.72.

Fig. 1

XTEM images and corresponding selected area diffraction patterns (see inserts) from
Ti1-xAlxN alloys with composition x: (a) x = 0.53, Ti-HIPIMS/Al-DCMS and (b) x =
0.59, Al-HIPIMS/Ti-DCMS.

XRD results for Ti-HIPIMS/Al-DCMS Ti1-xAlxN films show, in agreement with
SAED patterns, that all layers with AlN concentrations 0.53 ≤ x ≤ 0.66 are two phase. H(x) and
ao(x) remain essentially constant over this composition range at 19 GPa and 4.2130.003 Å. The
latter corresponds, based upon previous results for single-phase alloy layers grown by cathodic
arc ion plating,10 to cubic Ti1-xAlxN with x  0.40. This suggests a kinetic AlN solubility limit xmax

8
in the cubic TiN matrix of  0.40 for Ti-HIPIMS/Al-DCMS; higher AlN concentrations give rise
to the formation of wurtzite-structure second-phase precipitates.

Fig. 2

Relaxed lattice parameters ao of NaCl-structure Ti1-xAlxN films, grown using AlHIPIMS/Ti-DCMS (filled squares) and Ti-HIPIMS/Al-DCMS (open circles) target
configurations as a function of AlN concentration x.

The observed differences in phase composition and AlN solubility limits between AlHIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS films with comparable compositions stem from
significant differences in ion irradiation during film growth. The results of in-situ ion mass
spectroscopy studies carried out at the substrate position are summarized in Table 1. For both
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target configurations, the mean energies of metal and gas ions incident at the growing film
surface during dc magnetron sputter deposition between HIPIMS pulses are low and do not
exceed 15 eV, including the floating potential.

Tab. 1 Mean ion energy (eV) and percentage contribution to the total ion flux (in
parentheses) for all four target configurations. (*) indicates an upper-limit value obtained in
separate experiments in which a TiAl target (70 at% Al) is sputtered in pure Ar in order to avoid
signal overlap between Al2+ and N+ ions.

During the high-energy HIPIMS pulses, measured metal-ion-energy distribution functions
(IEDFs) are broad with high-energy tails, which, in combination with the synchronously applied
substrate bias Vs during the pulse, contribute to a large increase in time-averaged Ei values. Of
crucial importance is the high flux of doubly-ionized metal ions. Ti2+ constitutes 30% of the
total metal ion flux obtained in the Ti-HIPIMS/Al-DCMS configuration; however, the Al2+ flux
during Al-HIPIMS/Ti-DCMS is insignificant.23 Not only is the average Ti2+ ion energy high
(20.8 eV), but the energy gain due to the applied substrate bias, Vs = 60 V, is twice that for
singly-ionized species. At Vs = 60 V, the average energy of Ti2+ ions incident at the film is > 140
eV during the HIPIMS pulse. This leads to the production of residual point defects1,24 which are
manifested in XTEM images (Fig. 1a) as speckle contrast due to local strain fields associated
with point defect complexes. The defects can serve as nucleation centers for the formation of
wurtzite-structure AlN precipitates at relatively low AlN concentrations (x  0.40). As a
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consequence of phase separation, H is low and close to that of hexagonal AlN, whereas the
residual stress is high (-2.7 GPa) and leads to film delamination during post-annealing.
However, metastable single-phase NaCl-structure Ti1-xAlxN alloys grown using the AlHIPIMS/Ti-DCMS configuration exhibit a relatively high kinetic solid-solubility limit (xmax =
0.64), and the films have high hardness (H  30 GPa) with low residual tensile stress (0.2-0.7
GPa), all of which are difficult to achieve using DCMS alone or by cathodic arc deposition. We
attribute this to a combination of kinetically-limited growth and dynamic near-surface mixing due
predominantly to low-energy Al+ and Ar+ ion irradiation during HIPIMS pulses (the Al2+ flux is
negligible). Ion mixing is facilitated by enhanced momentum transfer from the metal ions. Ion
energies of 60 – 70 eV, with Ji/JMe = 2-3, are sufficiently low to avoid formation of detectable
residual ion damage.
High H values are typically the result of high compressive stress in which case both H and

 decrease during post-annealing as residual point defects are annealed out.16 To further
demonstrate that this is not the case here, Al-HIPIMS/Ti-DCMS Ti1-xAlxN samples with high
hardness (x = 0.59), corresponding to the XTEM image in Figure 1(b), are annealed for 2 h at
temperatures Ta ranging, in steps of 100 °C, from 800 to 1200 °C. Film hardnesses H are
remeasured following annealing and the results are shown in Figure 3, where each data point
corresponds to a different sample. The as-deposited hardness, H = 29.8 GPa, initially increases to
31.4 GPa at 800 °C and 33.0 GPa at 900 °C, before decreasing to 26.2, 23.5, and 23.1 GPa at
1000, 1100, and 1200 °C, respectively.

XRD measurements, carried out as a function of tilt angle  on Ti0.41Al0.59N AlHIPIMS/Ti-DCMS films annealed at 900 °C reveal that the 111 and 002 diffraction peaks from
the cubic phase are highly asymmetric, especially at large tilt angles, suggesting that the cubic
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AlN phase is present predominantly in the near-surface region. An example of such results is
shown in Figure 4 for * = 34.4°, together with corresponding data for the as-deposited sample.
Apart from the asymmetry caused by the additional contribution from the cubic AlN phase, note
that the diffraction peaks from the post-annealed sample shift toward lower diffraction angles,
close to that of the TiN phase, confirming the spinodal decomposition reaction path c-(Ti,Al)N
 c-TiN + c-AlN.

Fig. 3. Hardness H plotted versus annealing temperature Ta for Ti0.41Al0.59N samples grown
using the Al-HIPIMS/Ti-DCMS target configuration.
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Fig. 4  scans recorded at the strain-free tilt angle ° for Al-HIPIMS/Ti-DCMS
Ti0.41Al0.59N alloy films as-deposited (in black) and following a 2 h anneal at 900 °C (in red).
The observed increase in H upon post-deposition annealing at 900 °C clearly shows that
high hardness values measured for as-deposited films are not the consequence of high
compressive stresses. Ti0.41Al0.59N film hardness increases to 33 GPa at 900 °C due to the
formation of coherent cubic AlN via spinodal decomposition. At higher annealing temperatures
(≥ 1000 °C), the precipitation of second-phase wurtzite-structure AlN results in H decreasing
below the value of as-deposited films. For films deposited in the Ti-HIPIMS/Al-DCMS
configuration, high residual compressive stress levels lead to film delamination during postannealing.
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In summary, we use a hybrid HIPIMS/DCMS co-sputtering configuration, in which
one target (either Ti or Al) is powered by HIPIMS while the other is powered by DCMS, to grow
metastable Ti1-xAlxN alloy films with compositions 0.4 ≤ x ≤ 0.76. Markedly different film
growth pathways are obtained depending upon which target is powered by HIPIMS. With TiHIPIMS/Al-DCMS, the layers are two-phase with low hardness and high compressive stress
primarily due to the presence of an intense flux of doubly-ionized Ti2+ ions, with total kinetic
energies >140 eV, which give rise to the creation of the residual defects and hence, high
compressive stress. The defects serve as nucleation centers for the formation of wurtzite-structure
AlN precipitates which decrease film hardness. In sharp distinction, alloys grown in the AlHIPIMS/Ti-DCMS mode have a much higher kinetic solid-solubility limit, xmax = 0.64, high
hardness, due to solid-solution hardening, and low residual tensile stress, all of which are difficult
to achieve by either DCMS alone or by cathodic arc deposition. We attribute this to a
combination of kinetically-limited growth and dynamic low-energy near-surface mixing due
predominantly to Al+ and Ar+ ion irradiation during HIPIMS pulses. Finally, cubic Ti0.41Al0.59N
alloy films exhibit age hardening giving rise to a 10% increase in H during annealing at 900 °C.
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